Abstract. Due to its specific micropore structure, carbon molecular sieve (CMS) can provide more selective properties than conventional activated carbon in adsorbing molecule from a gaseous mixture. In this research, preparation of CMS for CO2/CH4 separation has been developed by pyrolysis of specially synthesized polymeric resins as the precursor. This research was particularly focused on the development of precursor for the control of carbon microporosity to enhance the sieving properties. Precursor was synthesized through polymerization reaction of phenol with formaldehyde and p-tertbutyl phenol using acid catalyst in a batch reactor. Pyrolysis of the polymeric precursors was carried out in a retort at 450-850 °C in flowing N2 inert gas at flow rate of 100 mL/h for 1.5 hours. The resulting micropore size and surface area of the carbon were characterized using N2-sorption analysis, whereas the carbon surface morphologies were observed using SEM. The carbons were further characterized for their uptake capacity and kinetic selectivity toward CO2 and CH4 gases. The results show that the porous carbon has suitable characteristic as sieving material for CO2/CH4 separation. In this work, CMS with kinetic selectivity (DCO2/DCH4) as high as 8, was produced.
Introduction
Carbon dioxide removal from natural gas or biogas (CH4 as the main component) is an important process in order to upgrade gas efficiency in industrial processes. Indeed, the presence of impurities like CO2 in natural gas decreases the heat content and consequently a low efficiency results. Thus, the low content of CO2 is necessary to obtain the high heating value of the fuel gas. Furthermore, a low portion of this impurity gas is required to suppress combination of carbon dioxide and water yielding an acidic character of gas flows [1] . This prevents corrosion e.g. in equipment and pipeline. For optimum gas utilization, the fraction of CO2 content in gas flow is limited to a 2 vol.% concentration [2] . In this sense, an efficient and effective separation of CO2 from the main component of CH4 is required e.g. using the carbon molecular sieve (CMS) technology.
Carbon molecular sieve is a separation processes of gas mixtures based on the adsorption kinetic of the gas molecule in the porous material. This technique has been widely used in many chemical industries and become competitive to conventional separation process such as cryogenic distillation or absorption [3] . Due to its specific micropore structure, this porous carbon molecular sieve can provide more selective properties than conventional activated carbon in adsorbing molecule from a gaseous mixture [4] [5] [6] . With the micropore size in the range of molecular dimension, a small difference in size of molecules to be adsorbed will lead to a large difference in micropore diffusivities due to the activation energy required for diffusion. The utilization of CMS in gas separation processes is usually carried out in a couple of packed bed adsorption columns so called pressure swing adsorption (PSA) [7] . In addition to their application in separation processes, CMSs have been widely used as catalysts, and catalyst supports as well [8] [9] [10] [11] [12] .
Efforts on preparation of carbon molecular sieve (CMS) have been performed by various research groups to search for effective and economical technologies for gas separation processes. Basically, carbonbased porous material such as CMS can be made by controlled pyrolysis of various natural carbonaceous materials such as coal, nut shell and wood [13] [14] [15] [16] or synthetic polymer such as polyvinylidene chloride, polyimide and phenol formaldehyde [17] [18] [19] [20] . It has been generally known that the pore structure of the carbon molecular sieve is affected by the nature of the precursor, pyrolysis method, and post-treatment conditions. The advantage of using synthetic polymer as a precursor for CMS preparation is that the pore structure of the carbon can be controlled during the precursor synthesis [21] . For instance, porous carbon derived from para-alkyl phenol formaldehyde has higher degree microporosity than that of conventional phenol formaldehyde [18, 22] .
In this work, CMSs were prepared by controlled pyrolysis of specially synthesized polymeric resin as the precursor. The resin was synthesized through polymerization reaction of phenolic compound with formaldehyde under acidic condition. In fact, phenol formaldehyde resins have been increasingly used as precursor for porous carbon preparation due to its specific three dimensional structures of the polymer framework and thermosetting properties. However, in a very high temperature of pyrolysis and heat treatment processes, the structure of this polymeric precursor may collapse and lead to the decrease of the porosity of the carbon [22] . It is necessary, therefore, to synthesize precursor with a superior heat resistance. This kind of polymers is expected to retain its structural shape during heating and pyrolysis.
The objective of present work is to investigate para-tert-butyl phenol for enhancement of the thermosetting properties and polymer framework structures of phenol formaldehyde and to determine if this could produce any beneficial effects on the nature of the microporosity of the carbons produced from those polymeric precursors.
Experimental

Precursor Synthesis
Precursor was synthesized through polymerization reaction of phenol (P) with formaldehyde (F) and paratert-butyl phenol (TBP) under acidic conditions. The molar ratio of P/F/TBP was 0.7/3/0.3. Reaction was carried out in a 500 mL batch reactor fitted with a reflux condenser, a mechanical stirrer, and thermometer. Conventional phenol formaldehyde with P/F molar ratio of 1/3 was prepared under the same condition for comparison with the investigated precursor. Concentrated hydrochloric acid and acetic acid were employed as a catalyst for the polymerization reaction. Phenol (with purity of 99%), para-tert-butyl phenol (with purity of 99.5%), and formaldehyde aqueous solution (as 36% formalin) were commercially obtained and used without further purification. Nitrogen gas with purity of 99.95% was supplied from a compressed gas cylinder as a carrier gas for carbonization processes and provides the inert atmospheric environment of the pyrolysis reaction as well.
Precursor Carbonization
The dried polymer was carbonized in a furnace under flowing nitrogen (100 mL/min) from room temperature up to 1123 K at a heating rate of 10 o C /min and kept at 1123 K for 1.5 h. Then the furnace was allowed to cool down to room temperature under nitrogen flow and the obtained sample was washed with deionized distilled water. The degree of burnt-off,  (weight %) in this report is define as,
where Wo is the initial mass of the precursor and Wt is the mass of the precursor after pyrolysis [23] .
Porous Carbon Characterization
The surface morphologies of porous carbon materials were observed by JEOL JSM-6360LA analytical scanning electron microscope (SEM), and nitrogen adsorption was measured with a Nova 2000 adsorption analyzer (Quantachrome) at 77 K. Prior to the measurement, sample was degassed at 400 K for 8 h. The Brunauer-Emmett-Teller (BET) surface area was calculated from the adsorption data in the relative pressure (p/po) interval from 0.05 to 0.35. The total pore volume was estimated from the amount adsorbed at relative pressure of 0.99. The pore size distribution of carbon was calculated using Howarth-Kawazoe (HK) method which typically employs to identify microporous structures. Ultra-high purity of compressed nitrogen (99.9995%) was employed as the adsorbate for the N2-adsorption in the measurement of BET surface area and liquid nitrogen served as the coolant for measuring the N2-adsorption isotherms at 77 K.
Adsorption Test
Isotherms
Adsorption capacity tests were carried out using the volumetric method at a constant temperature. CMS sample was first degassed at 523 K overnight until the static pressure in the system was at least 10 -6 kPa. Isotherms of CO2 and CH4 were recorded in the range of 0-14 kPa. Henry constant (Kp*) was determined from low adsorption isotherm data in the range of 0-1 kPa, using the following equation:
where q is the equilibrium uptake and P is the pressure.
Kinetics
Separation processes of gas mixtures using CMS was based on the adsorption kinetic of the gas molecule in that porous material. The kinetics of gas uptake measurement tests were performed in a semi-batch constant molar flow rate adsorber using a slab sample. The details of the experimental procedure of this technique are described in the previous work by Prasetyo and Do (1998) [24] . The apparent diffusivity ( app D ) of molecule through the CMS is valuated using the following equation (Eq. (3)).
where P is the pressure, Rg is the ideal gas constant, T is the temperature, V is the volume of the adsorption cell excluding the volume of samples, t is the adsorption time, R is the particle radius, s is the particle shape factor and β is the equilibrium parameter. s and β are defined as below:
where mp is the mass of particle, ρp is the particle density, εm is the particle porosity, and K is the dimensionless Henry constant. The eigenvalue λ is obtained from the following transcendental equation for a slab shape (s = 0):
Results and Discussions
The experimental work was carried out to prepare CMS by pyrolysis of specially synthesized phenol formaldehyde polymer as the precursor. The polymeric precursors were synthesized through polymerization reaction of phenol with formaldehyde and para-tert-butyl phenol under acidic conditions. The use of para-tert-butyl phenol in combination with phenol in the polymerization reaction was aimed to illustrate the role of the substitute phenol in enhancing certain properties of the precursor which lead to microporosity alteration of the carbonized precursor. In the case of polymerization reaction of formaldehyde with phenol only, the polymer structure has irregular network chain. Para-tert-butyl phenol was selected as the substitute phenol since the para-position of the butyl functional group in the phenol ring will direct the formaldehyde addition to ortho position only. Moreover, the para position of butyl functional group in this phenol derivative will create regular polymer network structures which could be beneficial for the production of carbon.
Structural and Physical Properties of CMS Produced
The SEM images were taken to study the effect of addition of para-tert-butyl phenol during the polymerization of phenolic resin on the surface morphologies of the resulting carbon. Figures 1(a) and 1(b) show the morphologic analysis for carbon derived from phenol formaldehyde polymer (CMS-1) as the reference and carbon derived from phenol formaldehyde p-tert-butyl phenol polymer (CMS-2), respectively. Both carbon samples were prepared in the same pyrolysis condition of 800 °C. It appears that the CMS-1 presents typical charcoal characteristics that are constituted by various fine particles [25] . Whereas, the carbon CMS-2 presents a smoother surfaces, but some fissures on the surface were observed. Fig. 1(a) . SEM image of CMS-1 (derived from phenol-formaldehyde polymer). Fig. 1(b) . SEM image of CMS-2 (derived from phenol-p-tert-butyl phenol-formaldehyde polymer).
The different in carbon surface morphology could be attributed to the nature of the polymeric precursor. Polymeric resin derived from phenol formaldehyde para-tert-butyl phenol was observed to be hard and tough, whereas the resin obtained from polymerization reaction of phenol with formaldehyde was exceedingly brittle. It is obvious that the structure and the properties of the polymeric product were affected by the type of phenol used. The effect of phenol type on the structure and the properties of the resin product can be explained by considering the processes involved in the polymerization reaction of the substitute phenol and the formaldehyde. The generally accepted mechanism of phenol formaldehyde polymerization reaction is that the reaction occurs by electrophilic aromatic substitution between the three active positions (two ortho-positions and one para-position) of phenol and the protonated formaldehyde, which can lead to produce irregular polymer network chain structure [26] . This is due to random link of methylene group to ortho and para positions in the phenol chain. Phenol and para-tert-butyl phenol will react with formaldehyde in a similar mechanism, but the presence of butyl functional group in para-position of the substitute phenol will direct the formation of polymer structures differently. Due to the presence of butyl functional group in para-position of the phenol ring, the substitution of formaldehyde will occur only at the two ortho-positions that lead to more regular structure of the polymer structure.
In this work, a series of carbons was derived from two different precursors at various carbonization temperatures. The micropore structure analysis by BET measurement of these carbons is listed in Table 1 . The important aspect observed here is that loss in surface area of the CMS-1 at high temperature due to the thermal stability of the precursor. During the process of heat treatment, the polymer structure of phenolformaldehyde collapse. The idea of employing p-tert-butyl phenol in the preparation of phenolic polymer in this work is to develop thermally stable precursor. So when it is exposed to high temperature during the carbonization process only hydrogen and oxygen are removed in gaseous form by pyrolytic decomposition and left behind a rigid polymer network formed a microporous carbon material with fine pores. The data in Table 1 shows that PF polymer is more vulnerable to high temperature than that of PFTBP polymer. The burnt-off data in the table indicate that the weight loss during heat treatment is significant for PF polymer. The indication of the instability of the PF resin toward high temperature can also be observed from the surface area of the carbon produced. The surface area of the carbon derived from PF polymer at 800 °C and 850 °C carbonization temperature are 1883 and 1508 m 2 /g, respectively. In contrast, pyrolysis of PFTBP polymer at 800 °C and 850 °C produced porous carbon with surface area of 1196 and 1774 m 2 /g, respectively.
The properties of surface area of CMS produced (1200-2000 m 2 /g) are in agreement with typically surface area of porous carbons synthesized by pyrolysis of polymeric materials [21, 25, 27] . But these values are superior to those values of porous carbons based on natural carbonaceous matters which are typically ca. 1000 m 2 /g (see Table 2 , for the specific surface area comparison) [28] [29] [30] . Hence, a high quality of porous carbons results by the carbonization of phenol and or para-tert-butyl phenol resin. Moreover, the high surface areas obtained are comparable to novel porous carbon materials like carbide-derived carbons (CDC) with tuneable pore size [31] [32] [33] . To evaluate whether the carbonization has an influence on the pore structure, pore size distribution (PSD) of CMS-1 and CMS-2 synthesized at different temperature was evaluated from N2-sorption analysis using HK method. For carbonization at 800 °C, both CMS-1 and CMS-2 possess almost a unimodal curve and a narrow pore size distribution. Furthermore, a remarkable high portion of pores at pore width below 0.8 nm (see Fig. 2 (a) ) can be seen. At this temperature of 800 °C, both CMSs show more or less comparable mean pore size of ca. 0.7 nm. Fig. 2 (a) . Pore size distribution of CMS-1 and CMS-2 produced by pyrolysis of phenolic polymers at 800 o C. Figure 2 (b) shows the PSD of two CMSs at carbonization temperature of 850 °C. The CMS-2 exhibits a higher peak at ca. 0.7 nm pore size compared to the CMS-1 suggesting narrower pore size distribution with substantially large micropores. Comparing Fig. 2(a) and Fig. 2(b) indicates that the pore property of CMS-2 is more or less preserved while the character of CMS-1 is drastically altered when increasing the carbonization temperature from 800 to 850 °C. The change of the pore size distribution of the porous carbon can be attributed to the change of the heat resistance of the precursor.
Adsorption Capacity Test
The material characterizations show the outstanding properties of CMS-2 as highly microporous and thermally stable carbon. The efficacy of material was then tested as molecular sieve for CO2/CH4 separation. For this, the uptake capacity and kinetic selectivity toward CO2 and CH4 gases were determined and the data obtained is presented as an adsorption isotherm curve. Uptake capacity of the CMS-2 toward CH4 and CO2 at three different temperatures (293, 303 and 323 K) is presented in Fig. 3a and 3b , respectively. More or less a linear curve of equilibrium uptake is seen and a higher uptake capacity of the gases results at lower adsorption temperature. Comparing Fig. 3(a) and 3(b) indicates that the uptake capacity of the CMS-2 for methane is about 50% of the adsorption capacity of carbon dioxide. This concludes the molecular sieving characters of CMS-2 which are useful for the CO2/CH4 separation. Table 2 shows comparison of the uptake capacity of different molecular sieves such as natural polymer-derived activated carbon (activated carbon (AC) and microwave activated carbon (MAC)), synthetic polymer based carbon (ordered mesoporous carbon (OMC)] and Ajax commercial carbon [24, [27] [28] [29] [30] . It can be clearly seen that CMS-2 features relatively high adsorption capacities of CO2 and CH4, thus high performance results. Pore width /A CMS-2 CMS-1 Fig. 3(a) . Adsorption isotherm of CH4 on CMS-2 at various temperatures. Fig. 3(b) . Adsorption isotherm of CO2 on CMS-2 at various temperatures.
By using the equilibrium adsorption of methane and carbon dioxide on the CMS-2 at different temperatures, the heat of adsorption can be determined employing the Clapeyron equation
). The heat of adsorption of methane on CMS-2 (25.2 kJ/mol) is slightly lower than the heat adsorption of carbon dioxide (27.4 kJ/mol). Furthermore, the affinity of the CMS toward the adsorbate is the evaluated by the Henry constant values. The constant increases when increasing adsorption temperature which is in agreement with higher uptake capacity at higher temperature. The remarkably high value in each measurement temperature for CO2 adsorption (ca. 3 time of magnitude in respect to adsorption of CH4) indicates the adsorption of carbon dioxide on the CMS is more favorable than methane in the CMS. Thus, when these two gases are present in the system, the CMS could selectively adsorb CO2 abundantly while high amount of CH4 is still in the gas phase. This leads for separation of CH4 from the mixture of CO2 and CH4. All values evaluated from the isotherm measurements are summarized in Table 3 . 
In this work, the adsorption enthalpies of CH4 and CO2 on CMS-2 are in between 10 to 50 kJ mol -1 which are in agreement to the typical adsorptive behaviours of these gases on the porous adsorbent, such as activated carbons [24, 29, 30] and zeolites [2, 34] . These values of heat of adsorption imply isosteric enthalpies of physic sorption and these low heat values featured by CMS-2 when adsorbing gases are helpful to prevent the reduction of adsorptive amount when performing an adiabatic operation. The Henry constants which indicate affinity of adsorbates are compared to the literature values. While all agreed that the affinity of CO2 is higher than that of CH4 on CMS, the values obtained are relatively higher in the range of 1.3-4 manifolds [24, 27, 30] . The surface properties and a narrow pore size distribution of CMS-2 likely contribute to this good adsorptive characteristic.
Kinetics of Gas Uptake Measurement Test
The apparent diffusivity (Dapp) of gas through the sample is an important character for to indicate gas separation performances. Therefore, the kinetic study of adsorption of CO2 and CH4 was carried out. Table 4 shows the obtained apparent diffusivity for CH4 and CO2 in the CMS-2 evaluated with the adsorption kinetics model. The ranges of values are 7-17×10 -7 and 1-2.75×10 -7 m 2 /s when using CH4 and CO2 as adsorbates, respectively at studied temperature between 293 and 323 K. These apparent diffusivity values are in the same order magnitude with the typical diffusivity constant obtained from literatures [24, 29, 35] . The higher temperature leads to more movable molecules, thus showing lower apparent diffusivity. The high separation for CO2/CH4 is exhibited by high ratio of Dapp between two species which is about 8. The molecular sieving characters of carbon material are dictated by many factors such as the pore structure of adsorbent, kinetic diameter of adsorbate, affinity of adsorbate toward carbon surface and molecular interaction of adsorbate. It is known that pore size distribution with high portion below ultramicropore range (<0.7 nm) like featured by CMS-2 is essential to introduce good molecular sieving characters [4] . Furthermore, location and number of pore mouth (pore constriction) also plays important roles, although these parameters are difficult to be quantitatively determined. The next aspect is the kinetic diameter which is close to the molecular sieving dimension of gas, thus sensitively measuring ability of gas to move in highly restrictive environments. CO2 features smaller kinetic diameter (0.33 nm) than CH4 (0.38 nm) as shown in Table 4 , but due to the shape of molecules (dimension of gases given in the table), the sphere shape of methane make this molecule more mobile than CO2 molecule (a linear shape). Furthermore, due to featuring relatively high polarity, CO2 shows higher affinity on carbon surface and higher interaction between molecules (see Lennard-Jones constant in Table 4 ) [38] . Consequently, the mobility of adsorbed molecules of carbon dioxide is slower, but this molecule is more likely to be adsorbed on the carbon surface. Considering all aspects makes it obvious why there is the high difference of diffusivities of CO2 and CH4 in CMS-2, inducing to high separation for these two gases.
Conclusions
The feasibility of preparing effective sieving properties of CMS for CO2/CH4 separation has been examined. In this method, CMSs were prepared by controlled pyrolysis of phenol formaldehyde p-tert-butyl phenol polymeric resin as a precursor. In the synthesis of the precursor, para-tert-butyl phenol was used in combination with phenol in order to obtain thermally stable precursor. At high carbonization temperature, the porous carbon prepared by PFTBP (phenol formaldehyde para-tert-butyl phenol) polymer exhibited higher surface area than that of conventional phenol formaldehyde polymer. The indication shows that when the thermally stable polymeric precursor is exposed to high temperature during carbonization process only hydrogen and oxygen are removed by pyrolytic decomposition and left behind a rigid polymer network formed microporous carbon with fine pores. We demonstrated that the resulting carbon exhibits molecular sieving character with kinetic selectivity (DCO2/DCH4) as high as 8. Therefore, the material is promising as carbon molecular sieve.
